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ABSTRACT 
The LiteSteel beam (LSB) is a cold-formed high strength steel channel section made of two 
torsionally rigid closed flanges and a slender web. Due to its mono-symmetric characteristics, its 
centroid and shear centre do not coincide. The LSBs can be used in floor systems as joists or bearers 
and in these applications they are often subjected to transverse loads that are applied away from the 
shear centre. Hence they are often subjected to combined bending and torsion actions. Previous 
researches on LSBs have concentrated on their bending or shear behaviour and strengths, and only 
limited research has been undertaken on their combined bending and torsion behaviour. Therefore in 
this research a series of nine experiments was first conducted on LSBs subject to combined bending 
and torsion. Three LSB sections were tested to failure under eccentric loading at mid-span, and 
appropriate results were obtained from seven tests. A special test rig was used to simulate two 
different eccentricities and to provide accurate simple boundary conditions at the supports. Finite 
element models of tested LSBs were developed using ANSYS, and the ultimate strengths, failure 
modes, and load-displacement curves were obtained and compared with corresponding test results. 
Finite element analyses agreed well with test results and hence the developed models were used in a 
parametric study to investigate the effects of load locations, eccentricities, and spans on the 
combined bending and torsion behaviour of LSBs. The interaction between the ultimate bending and 
torsional moment capacities was studied and a simple design rule was proposed. This paper presents 
the details of the tests, finite element analyses, and parametric study of LSBs subject to combined 
bending and torsion, and the results. 
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1. Introduction 
The LiteSteel beam (LSB) is a cold-formed high strength steel channel section made of two 
torsionally rigid closed flanges and a slender web (see Figure 1), produced using a patented dual 
electric resistance welding and automated continuous roll-forming technique. This hollow flange 
channel beam is considered as an alternative improved section to conventional cold-formed C- and 
Z-sections and smaller hot-rolled I- and channel sections. Thirteen LSB sections [1] have been in use 
in various applications in the Australian building industry, often as flexural members such as floor 
bearers, joists, rafters and purlins in residential, commercial and industrial buildings. Their depths 
are in the range of 125 to 300 mm, while their hollow flange widths and thicknesses vary from 45 to 
75 mm, and from 1.6 to 3.0 mm, respectively.  
 
Due to its mono-symmetric characteristics, the centroid and shear centre of LSBs do not coincide. In 
their common applications in flooring systems, LSBs are often subjected to transverse loads applied 
away from the shear centre. This introduces a torque, and the LSBs will thus be subjected to 
combined bending and torsion actions. Past research on LSBs has concentrated on their bending 
behaviour [2-9] or shear behaviour [10-13]. Limited research has been undertaken on LSBs subject 
to combined bending and torsion, which often occurs in practical applications. Abambres et al. [14] 
performed elastoplastic analysis of an LSB under bending and torsion, but it was used as an 
illustrative example for the application of GBT-based approach to thin-walled members. Their 
analysis showed the beam behaviour is governed by major axis bending, torsion and web distortion. 
Other research on steel beams subject to torsion has concentrated on open sections, typically cold-
formed steel channel sections [15,16] and hot-rolled steel I-sections [17-19]. Further, very few steel 
design standards give suitable design rules for torsion or combined bending and torsion design of 
steel beams. Trahair and Pi [20], Pi and Trahair [21,22] and Trahair and Bradford [23] proposed 
some design methods, but their methods are mainly based on the analysis of hot-rolled I-section 
members. Therefore in this research both experiments and finite element analyses were undertaken 
on LSBs subject to combined bending and torsion. A special test rig was used to simulate two 
different eccentricities and accurate simple boundary conditions at the supports. Nine beams were 
tested to failure under eccentric load at mid-span, and appropriate results were obtained for seven 
tests. Finite element models of tested LSBs were developed using ANSYS and were validated by 
comparing their results with experimental results. The validated finite element model was then used 
in a parametric study to investigate the effects of load locations, eccentricities, and spans on the 
combined bending and torsion behaviour of LSBs, and to investigate the interaction between the 
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ultimate bending and torsional moment capacities. This paper presents the details of this research 
involving tests, finite element analyses, and parametric study of LSBs subject to combined bending 
and torsion, and the results. 
 
2. Experimental study 
2.1. Test specimens 
Three LSB sections (200×45×15×1.6, 150×45×15×1.6, and 150×45×15×2.0) were selected for the 
combined bending and torsion tests. Based on the Australian steel structures code AS 4100 [24], they 
can be classified as slender section, non-compact section, and compact section, respectively. Each of 
the three sections had three specimens, resulting in a total of nine tests. Details of the selected test 
specimens are given in Table 1. Figure 2 illustrates the loading method and the simple support 
conditions used in this research. In this figure, “S” and “C” denote the shear centre and the centroid 
of LSB, respectively, “P” is the applied transverse load at mid-span with an eccentricity “e” from the 
shear centre, which causes combined bending and torsion action. Two eccentricities of 40 and 50 
mm were adopted to simulate different levels of combined bending and torsion action. The simply 
supported test beam had a span length (L) of 1500 mm, which was selected to eliminate the 
likelihood of any shear buckling failures. Using this test set-up, test beam will be subjected to a 
maximum mid-span bending moment of PL/4 and a uniform torsional moment of Pe/2 along the 
length. Hence the test beam failure is expected at mid-span under combined bending and torsion 
actions. 
 
2.2. Test supports 
Test supports were carefully designed to simulate simple boundary conditions accurately. Figure 3 
shows the fabricated test beam supports.  The ends of the test beam were seated above a roller at the 
bottom while they were also held by a top roller. Such supports using these rollers allowed the test 
beam to bend freely in the vertical plane, and also to warp freely in the longitudinal direction. At the 
same time the vertical displacements, lateral displacements, and rotations about the longitudinal axis 
of the test beam were fully restrained. By adjusting the top roller location, the same supports were 
used to accommodate test LSBs with varying depths, that is, 150 and 200 mm. To prevent any 
possible overall lateral movement during loading, the supports were welded to the test frame table. 
 
2.3. Test rig 
A special test rig was designed and fabricated to apply a mid-span transverse load with different 
eccentricities. Figure 4 shows the overall view of the test rig while its details are given in Figure 5. In 
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addition to the test supports described above, the test rig included a loading system comprising of a 
vertical and a horizontal arm. The load was applied via the vertical arm while the horizontal arm was 
used to control the loading eccentricity from the shear centre. By using a horizontal arm of suitable 
lengths, different loading eccentricities can be achieved. In this study two horizontal arms were used 
to achieve the required eccentricities of 40 and 50 mm (see Table 1). The vertical and horizontal 
arms were pin connected and therefore the test beam could freely rotate during the application of 
vertical loading. Two 10 mm clamping plates of 110 mm width were attached on each side of the test 
beam web to prevent any localized web buckling and to enable the rotation of the entire section at the 
loading point. The end plate of the horizontal arm and the two clamping plates were connected 
tightly using two 8.8S M16 high strength bolts. 
 
2.4. Measuring system 
The applied vertical load at mid-span was measured by a 100 kN load cell, which was connected to 
the vertical arm. The vertical deflection was measured at mid-span using a string displacement 
transducer, the lateral deflections of the top flange-web junction were measured using two string 
displacement transducers, and the lateral deflection of the bottom flange-web junction was measured 
using a string displacement transducer. The strings were connected to the hooks that were glued to 
the test beam. The lateral displacement hooks were arranged just beside the clamping plate so that 
they were close to mid-span. Figure 5 shows the details of the locations and arrangement of string 
displacement transducers. 
 
2.5. Test procedure and results 
The test beam was first located on the supports and connected to the loading system. The vertical 
load was applied gradually using a manually operated hydraulic pump while the test data was 
recorded continuously at one second intervals. The beam started to rotate as it was subjected to 
eccentric loading, but also deflected vertically at the same time. Figure 6 shows the beam twist 
during loading. The applied load started to drop off when the test beam reached its ultimate strength. 
However, the monitoring was continued after failure to obtain the unloading characteristics of the 
test beam. Table 2 presents the ultimate loads of the nine test beams. 
 
In Test 1 the clamping plates were not used and hence the torsional moment caused by the eccentric 
loading was not transferred to the whole section, which resulted in a premature beam failure (failure 
load 3.55 kN) due to localized web buckling as shown in Figure 7.  However, in Test 2 when 
clamping plates were used, it reached a higher ultimate failure load 18.59 kN. By using two 
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clamping plates to the full height of the test beam on both sides such premature failures were 
eliminated for Tests 2 to 9.  
 
During the loading of Test 3, the upper part of the outside clamping plate separated from the beam 
web to be in contact with the vertical arm before the beam failed as shown in Figure 8. This resulted 
in a very high ultimate failure load of 32.44 kN. Also for Test 4, this happened but just before its 
actual failure load. To prevent this occurring again, the height of the outside clamping plate was 
reduced by 20 mm and a M6 screw was also used to attach the clamping plate to the top of the web 
(see Figure 8). After these modifications, Tests 3 and 4 were repeated as Tests 9 and 8, respectively, 
which reached lower ultimate failure loads of 24.97 kN and 21.61 kN.   
 
Figure 9 shows the typical failure of test beams that suffered from bending and torsion actions. As 
seen in this figure, the failure was characterized by section twist rotation and top flange local 
buckling.  From the measured applied load (P), the applied maximum bending moment at mid-span 
(PL/4) and the applied uniform torsional moment (Pe/2) were calculated for each test and plotted 
against vertical and lateral deflections of test beam. These figures are given in the next section when 
comparisons are made with predictions from finite element analyses.  
 
3. Finite element modelling of tested beams 
3.1. General 
In this section finite element models were first developed to simulate the behaviour and strength of 
tested LiteSteel beams subject to combined bending and torsion. A finite element program, ANSYS 
13.0 was used to conduct nonlinear static analysis in this research.  Appropriate parameters were 
chosen in these models for the geometry, mechanical properties, loading and support conditions, 
initial geometric imperfections, and residual stresses. The ultimate strengths, failure modes, load-
displacement curves of LSBs subject to combined bending and torsion were obtained from finite 
element analyses (FEA), which were compared with the corresponding test results to validate the 
finite element models. 
 
3.2. Finite element mesh 
Shell elements were used to simulate the behaviour of LSBs. The element named Shell 181 in 
ANSYS was selected for all the finite element models. The Shell 181 element is suitable for 
analyzing thin to moderately-thick shell structures. It is a four-node element with six degrees of 
freedom at each node: translations in the x, y, and z directions, and rotations about the x, y, and z-
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axes. SHELL181 is well-suited for linear, large rotation, and/or large strain nonlinear applications. 
Change in shell thickness is accounted for in the nonlinear analyses. In the element domain, both full 
and reduced integration schemes are supported. In this investigation, mid-line dimensions of LSB 
sections were used to build the beam models. Element widths equal to or less than 5 mm and a length 
of 10 mm were selected as the suitable mesh size to provide an accurate representation for the 
combined bending and torsion behaviour modelling of LSBs. Figure 10 shows the geometry and 
finite element mesh of a typical LSB model.  
 
3.3. Material model and properties 
The ANSYS bilinear kinematic hardening model (BKIN) using the von Mises yield criterion was 
used in the analysis. The initial slope of the curve is the elastic modulus of the material, and at the 
specified yield stress, the curve continues along the second slope defined by the tangent modulus. In 
this study, linear elastic/perfect-plastic material was adopted. The elastic modulus E and Poisson’s 
ratio were taken as 200,000 MPa and 0.3, respectively, and the tangent modulus was taken as zero. 
The measured yield stresses of web, inside and outside flanges as reported in [4] and presented in 
Table 1 were used in the material models. 
 
3.4. Loads and boundary conditions 
The eccentric loading at the mid-span section was simulated through an equivalent loading condition, 
as illustrated in Figure 11, where “S” is the shear centre, “C” is the centroid, and “ds” denotes the 
distance between the shear centre and the web midline. In this method, the transverse load (P) with 
eccentricity e from the shear centre was replaced by a transverse load (P) applied to the beam web 
and a couple formed by equal and opposite lateral loads (Q) applied to the beam flanges, and the 
lateral load (Q) is given by Eq. (1).  
ܳ ൌ ܲሺ݁ ൅ ݀ݏሻ ݄⁄                                                                                                                                 (1) 
The transverse load (P) acting on the web elements was uniformly distributed to every node along 
the web height, and the lateral load (Q) was applied to the outside surface elements of the top and 
bottom flanges, which was also uniformly distributed to every node along the flange width. Figure 
12 shows the mid-span loading and associated load distribution of a typical finite element model. 
 
Simply supported boundary conditions were simulated by applying appropriate constraints at the 
beam end supports. The nodes at both end supports were fixed against the in-plane vertical deflection 
(y direction), out-of-plane horizontal deflection(x direction), and the rotation about longitudinal axis 
(z axis), as shown in Figures 13 (a) and (b). At the same time one end was fixed against longitudinal 
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displacement in z direction, which was achieved by constraining the node at the centre of the web 
against longitudinal displacement as shown in Figure 13(c). Since the loading component on the top 
of the vertical arm was fixed against the horizontal displacement, the vertical arm was unable to 
move horizontally in the x direction, ie. equivalent to lateral bracing to the web via the horizontal 
arm. This condition was simulated by fixing the node at the centre of the web at mid-span against 
out-of-plane horizontal deflection (x direction) as shown in Figure 13(d).  
   
3.5. Initial geometric imperfections and residual stresses 
The effects of initial geometric imperfections were considered in this study. Elastic buckling analysis 
was performed first and the obtained buckling mode was used to input the initial geometric 
imperfection in the nonlinear analysis. Figure 14 shows the first three buckling modes obtained for 
150×45×15×2.0 LSB with a load eccentricity (e) of 50 mm. The third buckling mode which is 
characterized by section twist rotation and top flange local buckling was selected, and a maximum 
initial imperfection of L/1000 was adopted as the overall geometric imperfection in the finite element 
models. For other test beams also, a similar buckling mode characterized by section twist rotation 
and top flange local buckling was used to input the initial geometric imperfection in the nonlinear 
analysis.  
 
Past research [4] revealed that LSBs have both flexural and membrane residual stresses due to the 
combined electric resistance welding and cold-forming process used in production. Hence idealised 
flexural and membrane residual stress distributions in LSBs as reported in [4] were used in the 
models. The flexural residual stress was assumed to vary linearly across the thickness and five 
integration points through the element thickness were used to model the distribution of flexural 
residual stresses, while the membrane residual stress was assumed constant across the thickness. In 
this study both flexural and membrane residual stresses were applied at element integration points by 
reading a user-defined initial stress file. 
 
Nonlinear analyses with both initial geometric imperfections and residual stresses were carried out 
for all the beams. At the same time nonlinear analyses without the use of initial geometric 
imperfections were also carried out for them. Both ultimate loads obtained from FEA with and 
without initial geometric imperfections are given in Table 2, and compared with corresponding test 
results. It was noted that the ultimate strengths reduced slightly due to the use of initial geometric 
imperfection, and the test results were closer to FEA results when initial geometric imperfections 
were included. The ultimate load results in Table 2 were obtained using the finite element models 
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that included residual stresses. However, the effect of residual stresses on the ultimate loads of LSBs 
considered here was found to be small. 
 
3.6. Analysis methods 
Nonlinear static analysis, including the effects of large displacement and material yielding, was 
adopted to investigate the combined bending and torsion behaviour of LSBs. Elastic buckling 
analyses were carried out first and used to obtain the eigenvalues and eigenvectors, and the first 
order eigenvalue was used as reference for inputting load value. The status of program solution 
control in ANSYS was on, the arc-length method was activated, and a displacement limit was set as 
the arc-length method termination condition. Newton-Raphson method was adopted to solve the non-
linear equilibrium equations while appropriate iteration strategy was automatically chosen by 
ANSYS and the program’s default nonlinear convergence values were used. The entire analytical 
processes which included pre-processing, solution and post-processing were all implemented by 
inputting ANSYS command lines, which provided convenience for multiple model changes and 
parameter modifications.  
 
4. Comparison of results from FEA and experiments 
The ultimate loads obtained from FEA and tests were compared in Table 2. Except Test 1, which 
failed prematurely due to web buckling, and Test 3, which had problems with the vertical arm before 
failure, comparisons of results for the remaining seven tests demonstrate that the finite element 
models developed in this study were able to predict the ultimate loads with good accuracy. Finite 
element analysis results obtained with the use of an initial geometric imperfection of L/1000 are 
closer to test results than when initial geometric imperfection was not used.  
 
Figures 15 (a) and (b) show a good comparison between the failure modes from FEA and 
experiments. It can be seen that both failure modes are characterized by beam twist rotation and top 
flange local buckling. As seen in Figures 15 (c) and (d), finite element models were able to simulate 
the two types of local buckling as occurred in the top flanges of test beams. In tests it was observed 
that inward local buckling occurred in LSB sections 150×45×15×1.6 and 150×45×15×2.0, while 
outward local buckling occurred in LSB section 200×45×15×1.6, and FEA also gave the same results. 
In the tests, web distortion was somewhat prevented in the section attached to clamping plates, but it 
could be observed next to this section. The FEA results also showed the presence of web distortion in 
the beam. 
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Load-displacement curves from experiments and nonlinear finite element analyses were converted to 
bending and torsional moments versus displacement curves and compared in this research. Typical 
mid-span bending moment versus lateral deflection curves are provided in Figures 16(a) and (b), in 
which the mid-span bending moment, M ൌ PL 4⁄ . It is seen that the beam top and the beam bottom 
deflect in the opposite directions, so that the LVDT string for beam top was reducing while the 
LVDT string for beam bottom was increasing during loading.  A good agreement can be seen 
between the experimental and FEA results. The FEA results match the test results more closely for 
the beam bottom displacement than for the beam top displacement. The beam top displacement 
curves from tests deviated from FEA results near the ultimate load due to the problems with string 
displacement transducers at this point. In most cases, the mid-span bending moment versus vertical 
deflection curves from tests were inaccurate due to simultaneous twist and vertical deflection of test 
beams, and are thus not given in this paper. Figures 17(a) and (b) show the typical mid-span torsional 
moment versus angle of twist curves, in which the torsional moment T ൌ Pe 2⁄ , and the angle of 
twist θ ൌ tanିଵ ሺu୲ െ uୠሻ h⁄  , where u୲	and	uୠ denote the lateral displacements of top and bottom 
flanges, respectively.  It can be seen that the agreement between FEA and test in this case is also 
reasonably good. 
 
5. Parametric study 
5.1. General 
In order to improve the knowledge and understanding of the strength and behaviour of LSBs subject 
to combined bending and torsion, and to investigate the bending moment capacity reduction due to 
eccentric loading, a parametric study was undertaken based on the validated finite element model 
described in the last section. Tested beams (150×45×15×1.6 LSB, 150×45×15×2.0 LSB and 
200×45×15×1.6 LSB) were further analysed using finite element modelling to investigate the effects 
of loading locations and eccentricities. The LSB section 150×45×15×2.0 was chosen to conduct 
another parametric study with both varying spans and loading eccentricities. 
 
5.2. Parametric study of tested beams 
The three tested LSBs were further investigated by varying loading locations and eccentricities. 
Three loading conditions, namely, when the load is applied at the shear centre (eccentricity e = 0), 
the load is applied to the left of the shear centre (positive eccentricity) with loading eccentricities 
varying from 10 to 50 mm, and the load is applied to the right of the shear centre (negative 
eccentricity) with loading eccentricities varying from -10 to -50 mm, were investigated for the three 
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LSB sections. The same beam span of 1.5 m was used and the mechanical properties shown in Table 
1 were used in FEA. The boundary conditions were also the same as those used in the last section. 
 
5.2.1. Eccentricity e = 0 
In this case, the beam is only subjected to a bending moment and the lateral-torsional buckling mode 
obtained from the elastic buckling analysis was used to input the maximum initial geometric 
imperfection of L/1000. Elastic buckling and ultimate loads of the three LSBs were obtained from 
FEA. The corresponding elastic buckling and ultimate bending moment capacities are given in Table 
3.  
 
The member moment capacities of the three LSBs were also calculated using the Australian cold-
formed steel structures standard AS/NZS 4600 [25] and are also given in Table 3. The relevant 
member moment capacity equations in AS/NZS 4600 are given as follows.  
ܯ௕ ൌ ܼ௖ ௖݂               (2) 
where ௖݂ ൌ ܯ௖ ௙ܼ⁄  , ܯ௖    is the critical moment, ௙ܼ  is the full unreduced section modulus for the 
extreme compression fibre, and ܼ௖ is the effective section modulus calculated at a stress ௖݂ in the 
extreme compression fibre. The critical moment shall be calculated as follows. 
For ߣ௕ ൑ 0.60:	ܯ௖ ൌ ܯ௬              (3a) 
For  0.60 ൏ ߣ௕ ൏ 1.336:	ܯ௖ ൌ 1.11ܯ௬ ቂ1 െ ቀଵ଴ఒ
మ್
ଷ଺ ቁቃ          (3b) 
For ߣ௕ ൒ 1.336:	ܯ௖ ൌ ܯ௬ ൬ ଵఒమ್൰             (3c) 
where ߣ௕ ൌ ඥܯ௬ ܯ௢⁄  is the non-dimensional slenderness ratio, ܯ௬ ൌ ௙ܼ ௬݂  is the moment causing 
initial yield at the extreme compression fibre of the full section, ܯ௢ is the elastic (lateral-torsional) 
buckling moment, which was obtained from FEA in this study.  
 
Table 3 shows that the member bending moment capacities obtained from FEA agree well with those 
calculated from AS/NZS 4600 design equations above. It shows that the developed finite element 
model in this study is able to predict the moment capacities of flexural members with good accuracy. 
 
5.2.2. Positive eccentricity 
This loading condition is the same as that of the tests, ie. the eccentric load is on the left side of the 
shear centre. In this condition the buckling mode shown in Figure 14(c) was used to input the initial 
geometric imperfection in FEA. The ultimate bending moment capacities for the three section beams 
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with positive loading eccentricities varying from 10 to 50 mm were obtained from FEA and are 
given in Table 4. Figure 18 shows these results for the three LSBs in the form of bending moment 
capacity reduction factor versus loading eccentricity. The bending moment capacity reduction factor 
is defined as  ܯ௨ ܯ௕⁄  , where ܯ௕  is the bending moment capacity of beams subject to zero 
eccentricity loading as obtained from FEA and given in Table 3. It is seen that the bending moment 
capacities decrease significantly as the loading eccentricity increases. For the three LSB sections the 
bending moment capacities reduce by more than 10% for an eccentricity (e) of 10 mm while they 
reduce by almost 50% as the eccentricity increases to 50 mm.   
 
5.2.3. Negative eccentricity 
In this loading condition the eccentric load acts on the right side of the shear centre as shown in 
Figure 19. This was simulated by using equivalent loads which included a transverse load (P) acting 
directly on the web element and two equal and opposite lateral loads (Q) simulating a couple and 
acting at the top and bottom outside flange elements.  These loads were uniformly distributed at the 
nodes of the web and outside flange elements in the finite element model. The equivalent lateral load 
(Q) for the loading condition with a negative eccentricity is given by Eq. (4).  
ܳ ൌ ܲሺ݁ െ ݀ݏሻ ݄⁄                (4) 
The ultimate bending moment capacities of the three LSBs with a negative loading eccentricity 
varying from -10 to -50 mm were obtained from FEA and are given in Table 5. The curves of 
bending moment capacity reduction factor versus eccentricity for the three LSBs are also shown in 
Figure 18. It is seen that for beams with the same absolute value of the eccentricity, e, the bending 
moment capacity reduction factor for positive eccentricity is greater than that for negative 
eccentricity, which means that transverse loads acting on the right side of the shear centre is more 
disadvantageous than acting on the left side of the shear centre for LSBs. The former is the more 
likely loading case for LSBs when they are used as floor joists. Even for a 10 mm eccentricity the 
reduction in the bending moment capacity of LSBs is about 20% while it increases to almost 60% for 
an eccentricity of 50 mm. Hence there is a definite need to consider the effects of bending and 
torsion in the design of LSBs.  
 
5.3. Parametric study of 150×45×15×2.0 LSB 
To find the relationship between the ultimate bending and torsional moment capacities in 
eccentrically loaded LSBs, the LSB section 150×45×15×2.0 was chosen to conduct a parametric 
study with both varying spans and varying loading eccentricities. In this study simply-supported 
beam subject to mid-span positive eccentric loading was considered without lateral bracing. The 
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nominal yield stresses were used, which is 450 MPa for the flange elements and 380 MPa for the 
web element. The spans varied from 1.5 m to 6m. For shorter spans (1.5m, 2m, 2.5m and 3 m), the 
eccentricities varied from 0 to 100mm for each span while for longer spans (4m, 5m and 6m), they 
varied from 0 to 60mm.  
 
5.3.1. Effects of span 
The curves of bending moment capacity reduction factor versus eccentricity for different spans are 
shown in Figure 20. This figure includes the curves for L=2m, 3m, 4m, 5m and 6m with eccentricity 
varying from 0 to 60mm. It is seen that for beams with the same loading eccentricity, longer span 
beams possess a higher reduction factor than shorter span beams.  At the same time it is observed 
that the bending moment capacity reduction factor of shorter span beams decline sharply as the 
loading eccentricity increases. But for longer span beams the bending moment capacity reduction 
factor declines slowly as the loading eccentricity increases. Therefore it is concluded that loading 
eccentricity and the resulting torsional moment are more disadvantageous to the bending moment 
capacity of shorter span beams. 
 
Figure 21 plots the ultimate bending moment capacity ܯ௨  and the ultimate torsional moment 
capacity ௨ܶ also for L=2m, 3m,4m,5m and 6m, and eccentricity varying from 0 to 60mm, where 
ܯ௨ ൌ ௨ܲL/4	 and  ௨ܶ ൌ ௨ܲe/2	 and ௨ܲ is the ultimate load obtained from FEA. It could be seen that 
the bending moment reduces almost linearly as the torsional moment increases. It also shows that the 
bending moment capacity reduces more sharply for beams with shorter spans than for longer span 
beams. 
 
5.3.2. First yield torsional moment 
To find the relationship between the ultimate bending and torsional moment capacities of 
eccentrically loaded LSBs, it is necessary to determine the moment capacities under bending and 
torsion actions separately. As discussed in Section 5.2.1, the moment capacity of LSB under bending 
action alone could be obtained by assuming zero eccentricity. However, due to the characteristics of 
twist rotation behaviour in the developed LSB model subject to a mid-span torque, the ultimate 
torsional moment capacity could not be obtained from the nonlinear analysis. Therefore an elastic 
analysis was conducted to determine the first yield torsional moment. 
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The beam element in ANSYS called BEAM189 was used to develop the LSB model for elastic 
analysis. It is a 3-D quadratic three-node beam element and provides options for unrestrained 
warping and restrained warping of cross-sections. The beam section was built by reading a user-
defined section mesh in ANSYS. The cross-section included 32 cells as illustrated in Figure 22. The 
model was meshed into elements of 50mm length. The warping degree at each node was activated in 
this study. Simple boundary conditions were applied at the beam ends, and a concentrated torque was 
applied at the mid-span node. A linear elastic material model was considered, with Young’s modulus 
of elasticity  E ൌ 200,000MPa  and Poisson’s ratio  μ ൌ 0.3 .  
 
Elastic analysis showed that first yield was caused by the bimoment at mid-span, where the uniform 
torque was zero. The stress distribution in the mid-span section indicated that the most heavily 
stressed points are located at “A” and “B” shown in Figure 22 as they possess anti-symmetric 
maximum warping normal stresses. This is consistent with the analytical results given by Wan and 
Mahendran [26]. Thus the first yield torsional moment corresponds to the torsional moment when the 
mid-span bimoment reaches the first yield bimoment, and this means that the warping normal 
stresses at “A” and “B” have just reached the yield stress. The mid-span bimoment was almost 
unchanged for different spans, and thus the first yield torsional moment obtained for 150×45×15×2.0 
LSB could be considered as a constant value of 0.72 kNm. 
 
5.3.3. Interaction between the ultimate bending and torsional moment capacities 
Figure 23 shows the relationship between ܯ௨ ܯ௕⁄  and ௨ܶ ௧ܶ⁄ , where ௧ܶ 			is the first yield torsional 
moment obtained in the last section. This figure includes all the finite element analysis results for 
L=1.5 to 6m, in which the eccentricity varied from 0 to 100mm for shorter spans (L=1.5 to 3m) 
while it varied from 0 to 60mm for longer spans (L=4 to 6m). It is seen that the ultimate moment 
capacity data points are close to the straight line represented by Eq. (5). This means a linear 
interaction exists between the ultimate bending and torsional moment capacities of LSBs under a 
mid-span eccentric loading.  
ܯ௨ ܯ௕⁄ ൅ ௨ܶ ௧ܶ⁄ ൌ 1                                                                                                                        (5) 
 
Since  ܯ௕  and ௧ܶ   are the nominal bending and torsional moment capacities in Eq. 5, Eq. 6 is 
recommended by including a suitable capacity factor ϕ, equal to 0.9. This equation can be used 
safely for the design of LSBs subject to combined bending and torsion. 
ܯ௨ ሺ	߶ܯ௕ሻ⁄ ൅ ௨ܶ ሺ	߶ ௧ܶሻ⁄ ൌ 1                                                                                                           (6) 
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To assess the accuracy of the proposed interaction equation for LSBs with other loading and support 
conditions, the LSB example used by Abambres et al, [14] was chosen.  Their beam is 4m long 300
×75×25×3.0 LSB with fixed-pinned supports and two upward concentrated loads at the quarter 
span and third-quarter span, respectively. The loads are applied at the beam mid-web point. Finite 
element model of this fixed-pinned LSB was developed using the same approach described in 
Section 3. Nonlinear analysis including the effects of large displacement and material yielding was 
conducted to obtain its ultimate bending and torsional moment capacities. Figure 24 shows its 
deformation after failure. It can be seen that section twist and web distortion occur mostly near the 
loading point closer to the pinned end. 
 
Elastic analysis of the same LSB showed that the maximum bimoment is at the fixed end support, 
while the bimoment is the next highest in the section under the applied load closer to the pinned end 
support. Figure 25 shows the relationship between the ultimate bending and torsional moment 
capacities obtained from these analyses. The results for LSBs with different lengths, 3m and 5m, are 
also plotted in this figure, where Tt1 corresponds to the torsional moment when the fixed end 
bimoment reaches the first yield bimoment, and Tt2 corresponds to the torsional moment when the 
bimoment in the section under the applied load closer to the pinned end reaches the first yield 
bimoment. When the former is used, the interaction equation is overly conservative, but when the 
latter is used, the interaction equation prediction is good. These results show that Eq.(5) can be used 
to predict the ultimate bending and torsional moment capacities safely. 
 
6. Conclusions 
This paper has presented the details of an investigation into the combined bending and torsion 
behaviour of a hollow flange channel beam known as LiteSteel beam using experiments and finite 
element analyses. Experimental study included three LSB sections tested to failure under a mid-span 
eccentric load. Simple boundary conditions were accurately simulated by suitable test supports in a 
special test rig that was used to simulate different loading eccentricities. Finite element models of 
tested LSBs were developed using ANSYS, and their ultimate strengths, failure modes, load-
displacement curves were obtained and compared with corresponding test results. The results from 
FEA and tests agreed well and thus validated the developed finite element models.  
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Parametric studies were also conducted using the validated finite element models of LSB to 
investigate the effects of the location and eccentricity of the applied load, and spans. The results 
showed that the bending moment capacity reduces significantly as the loading eccentricity increases. 
Eccentric loads acting on the right side of the shear centre are more disadvantageous than those 
acting on the left side of the shear centre of LSBs. The bending moment capacity reduction due to 
the loading eccentricity and the resulting torsional moment are more significant for shorter span 
beams than longer span beams. These results demonstrate that the commonly occurring loading 
eccentricities in the practical applications of LSBs cause additional torsional moments and thus lead 
to significant reductions to their bending moment capacities. Such effects should be considered in the 
design of LSBs subject to combined bending and torsion. This paper proposes a simple linear 
interaction equation for this purpose. 
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Figure 1. LiteSteel beams. 
 
 
Figure 2. LSB subject to an eccentric load at mid-span. 
 
 
                                                      
Figure 3. Test supports: (a) For test beam depth = 150 mm and (b) For test beam depth = 200mm. 
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Figure 4. Overall view of the test rig.  
 
 
 
 
                                          
  
Figure 5. Details of the test rig. 
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Figure 6. Beam twist during loading. 
 
 
                                             
                         Figure 7. Test 1: (a) Without clamping plates and  (b) Web buckling.   
 
 
                      
 
Figure 8. Separation of clamping plate during loading and solutions (Test 3). 
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Figure 9. The typical failure of test beams. 
        
 
Figure 10. A typical finite element model of LSB. 
 
 
Figure 11. Equivalent loading conditions. 
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                  (a) Loading at mid-span.                                         (b) Load distribution. 
Figure 12. Mid-span loading and load distribution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
‐ 23 ‐ 
 
                             
             (a) Front view.                             (b) Isometric view.                  (c) Z-direction constraint. 
 
 
(d) The X-direction constraint at the centre node of mid-section web. 
Figure 13. Boundary conditions. 
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     (a) The first buckling mode.      (b) The second buckling mode.     (c) The third buckling mode. 
 
Figure 14. Buckling modes of 150×45×15×2.0 LSB with e = 50 mm. 
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                    (a) Failure modes-FEA.                                                     (b) Failure mode-Test. 
 
 
   
(c) Inward local buckling - FEA versus Test.       (d) Outward local buckling - FEA versus Test .                   
 
Figure 15. Comparisons of failure modes from FEA and Tests. 
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(a) 150ൈ45ൈ15ൈ 1.6 LSB with eccentricity e = 40mm. 
 
(b) 200ൈ45ൈ15ൈ 1.6 LSB with eccentricity e = 50mm. 
 
Figure 16. Mid-span bending moment versus lateral displacement curves. 
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(a) 150ൈ45ൈ15ൈ 1.6 LSB with eccentricity e = 40mm. 
 
 
(b) 200ൈ45ൈ15ൈ 1.6 LSB with eccentricity e = 50mm. 
 
Figure 17. Torsional moment versus twist angle curves. 
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Figure 18. Bending moment capacity reduction factor versus loading eccentricity. 
           
 
Figure 19. Equivalent loading conditions for the load with a negative eccentricity. 
 
 
                                               
Figure 20. Mu /Mb versus eccentricity. 
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Figure 21. Mu versus Tu. 
 
 
 
Figure 22. LSB model for elastic analysis. 
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Figure 23. Mu / Mb versus Tu / Tt . 
 
 
Figure 24. Failure mode of LSB example used in [14] . 
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Figure 25. Mu /Mb versus Tu/Tt  of LSB example used in [14] 
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Table 1: Details of test specimens 
Test No. 
LSB section Eccentricity e Span L Yield stress, f୷ሺMPaሻ 
dሺmmሻ ൈ b୤ሺmmሻൈ d୤ሺmmሻ ൈ tሺmmሻ (mm) (mm) Outside flange Inside flange Web 
Test 1 150ൈ45ൈ15ൈ 1.6 50 1500 557.8 487.5 455.1 
Test 2 150ൈ45ൈ15ൈ 1.6 50 1500 557.8 487.5 455.1 
Test 3 150ൈ45ൈ15ൈ 2.0 50 1500 537.6 491.8 437.1 
Test 4 200ൈ45ൈ15ൈ 1.6 50 1500 536.9 491.3 456.6 
Test 5 200ൈ45ൈ15ൈ 1.6 40 1500 536.9 491.3 456.6 
Test 6 150ൈ45ൈ15ൈ 1.6 40 1500 557.8 487.5 455.1 
Test 7 150ൈ45ൈ15ൈ 2.0 40 1500 537.6 491.8 437.1 
Test 8 200ൈ45ൈ15ൈ 1.6 50 1500 536.9 491.3 456.6 
Test 9 150ൈ45ൈ15ൈ 2.0 50 1500 537.6 491.8 437.1 
 
Table 2: Comparison of ultimate loads from FEA and Experiments 
Test No. 
EXP FEA (without initial imperfection) FEA (with initial imperfection) 
Ultimate load (kN) Ultimate load (kN) FEA/EXP Ultimate load (kN) FEA/EXP 
Test 1 3.55 19.11 / 18.33 / 
Test 2 18.59 19.11 1.03 18.33 0.99 
Test 3 32.44 26.13 / 24.32 / 
Test 4 22.10 20.77 0.94 20.46 0.93 
Test 5 23.29 23.43 1.01 23.29 1.00 
Test 6 20.53 21.55 1.05 20.49 1.00 
Test 7 27.69 29.19 1.05 27.03 0.98 
Test 8 21.61 20.77 0.96 20.46 0.95 
Test 9 24.97 26.13 1.05 24.32 0.97 
 
Table 3:  Comparison of member moment capacities from FEA and AS/NZS 4600 
LSB section 
My (kNm) Mo (kNm) Mb (kNm) FEA/ 
AS/NZS 4600   FEA AS/NZS 4600 
150×45×15×1.6 14.36 30.13 13.59 13.83 0.98 
150×45×15×2.0 17.14 50.79 18.45 17.25 1.07 
200×45×15×1.6 20.56 21.82 16.95 16.85 1.01 
 
 
 
Table 4: Ultimate bending moment capacities of LSBs with positive loading eccentricities 
LSB section 
Ultimate bending moment capacity Mu (kNm) 
e=10mm e=20mm e=30mm e=40mm e=50mm 
150×45×15×1.6 12.02 10.13 8.89 7.82 6.94 
150×45×15×2.0 16.46 13.94 11.95 10.26 9.25 
200×45×15×1.6 14.50 11.92 10.23 8.90 7.86 
 
Table 5:  Ultimate bending moment capacities of LSBs with negative loading eccentricities 
LSB section 
Ultimate bending moment capacity Mu (kNm) 
e=-10mm e=-20mm e=-30mm e=-40mm e=-50mm 
150×45×15×1.6 11.18 9.36 8.05 7.02 6.21 
150×45×15×2.0 14.74 12.63 10.96 9.63 8.54 
200×45×15×1.6 12.47 10.26 8.80 7.70 6.92 
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